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Abstract
Aim: This study aimed to screen halotolerant Bacillus strains able to promote
growth and protect tomato plants against salt stress and Fusarium wilt
(Fusarium oxysporum f. sp. lycopersici).
Methods and Results: We evaluated some halotolerant strains of Bacillus spp.
(Bacillus velezensis (AP-3) and Bacillus spp. (AP-6, AP-85 and AP-100)) to
promote growth of tomato plants grown under salinity stress conditions and
to protect them against Fusarium wilt disease. Such strains had been previously
selected among 154 bacterial strains through biochemical tests (siderophores
and indoleacetic acid productions, cellulase and catalase activity, nitrogen
fixation and phosphate solubilization) in the presence of 100-mmol l1 NaCl.
Besides the above-mentioned strains, B. subtilis QST-713 (SerenadeTM) was
also evaluated. Compared to control plants, aboveground dry weight increased
in plants inoculated with AP-6, AP-85, AP-3, AP-100 and QST-713 strains
developed in the absence of salt stress. The same tendency occurred for root
dry weight; however, AP-3 strain was more effective, promoting an increase of
163%, when compared to control. Chlorophyll index and height increased >40
and 53%, respectively, for all Bacillus strains. Saline stress reduced plant
growth regardless of the presence of Bacillus. Height, stem diameter, and
aboveground and root dry weights increased in plants treated with Bacillus
strains grown under saline conditions when compared to control.
Bacillus velezensis AP-3 reduced the severity of Fusarium wilt in tomato by
50% when compared to control.
Conclusion: Halotolerant Bacillus strains controlled tomato Fusarium wilt,
increased growth as well as tolerance to salt stress.
Significance and Impact of the Study: We demonstrated the efficacy of
halotolerant Bacillus strains to control Fusarium wilt and improve tomato
growth. We also demonstrated that these Bacillus strains protect tomato plants
against salt stress. Bacillus can be used in an eco-friendly way because they are
considered Generally Recognized As Safe.
Introduction
In recent years, the rate of soil salinization has expanded
globally, causing problems of food insecurity to several
countries. Crop yields are adversely affected by soil salin-
ization (Munns and Tester 2008; Numan et al. 2018;
Orozco-Mosqueda et al. 2019). Soil salinization not only
negatively impacts plant chemical, physical and biological
characteristics but also affects photosynthesis, nutrient
acquisition, transpiration, protein synthesis and regula-
tion of phytohomone resulting in reduced plant growth
(Munns 2002; Parida and Das 2005; Jesus et al. 2015;
Ilangumaran and Smith 2017; Rubio et al. 2017; Orozco-
Mosqueda et al. 2019).
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Certain varieties of tomato are moderately salt-tolerant
(Alian et al. 2000; Dasgan et al. 2002). In general, toma-
toes tolerate a level of salinity of up to 3 dS m1 of elec-
trical conductivity (Koleska et al. 2017). However, higher
levels of salinity can drastically decrease productivity
since the problem affects all growth mechanisms of the
crop (Almeida et al. 2017; Yang and Guo 2018).
Salinity affects plant growth and is a major abiotic
stress that limits crop productivity (Ilangumaran and
Smith 2017). However, biotic stress, such as plant dis-
eases, also limits agricultural productivity (Agrios 2005).
Fusarium wilt, caused by three races of Fusarium oxyspo-
rum f. sp. lycopersici, is one of the most economically
important and widespread diseases in cultivated tomato
(Solanum lycopersicum) (Jones 1991; Reis et al. 2005; Reis
and Boiteux 2007). Plant growth promoting rhizobacteria
(PGPR) and biological control agents have improved abi-
otic (Abd-Allah et al. 2018; Numan et al. 2018; El-Daim
et al. 2019) and biotic (Harun-Or-Rahid et al. 2017)
stress tolerance and growth promotion (Olanrewaju et al.
2017; Rabbee et al. 2019) in many cultivated plants, such
as tomato.
The efficacy of PGPR and other bacteria in enhancing
the performance of several plants under salt stress has
been reported by several authors. Orozco-Mosqueda et al.
(2019) observed interaction with the plant growth-pro-
moting bacteria Pseudomonas sp. UW4 to protect tomato
plants against salt stress. Mayak et al. (2004) showed that
Achromobacter piechaudii ARV8 increased tomato seedling
growth (fresh and dry weight, elongation of roots and
shoots) at high salt concentration. Ge and Zhang (2019)
not only observed that Rhodopseudomonas palustris G5
increased shoot height, root length, fresh and dry weight,
and total chlorophyll content of cucumber under salt
stress but also produced indole-3-acetic acid and 5-
aminolevulinic acid, fixed nitrogen, solubilized potassium
and phosphate and induced systemic resistance in
cucumber seedling under salt stress.
Bacilli are recognized as GRAS (Harwood and Wipat
1996) and are present in a wide range of environments
(Hoch et al. 1993). They produce spores which are extre-
mely resistant (Piggot and Hilbert 2004; Choudhary and
Johri 2009) and act through various mechanisms
(Ongena et al. 2007; Choudhary and Johri 2009; Cawoy
et al. 2011). According to Cawoy et al. (2011), Bacillus-
based products represent about half of all the commer-
cially available bacterial biocontrol agents. In addition to
the efficiency as a biocontrol agent (Bettiol et al. 1994;
Ongena and Jacques 2008; Dorighello et al. 2015; Kim
et al. 2015; Liang et al. 2018), Bacillus is also recognized
by its ability to promote plant growth (Radhakrishan
et al. 2017) and stimulate plant tolerance to abiotic stres-
ses, such as saline stress (Feng et al. 2019).
Several species of Bacillus have been shown to improve
plant tolerance to salt stress, such as Bacillus megaterium
in corn (Marulanda et al. 2010), Bacillus spp. in corn
(Vardharajula et al. 2011), Bacillus amyloliquefaciens
SN13 in rice (Nautiyal et al. 2013; Tiwari et al. 2017),
B. licheniformis in wheat (Singh and Jha 2016), B. amy-
loliquefaciens in cotton and okra (Irizarry and White
2017), B. licheniformis SA03 in chrysanthemum (Zhou
et al. 2017), Bacillus pumilus S2 and Bacillus mojavensis
S1 in barley (Mahmoud et al. 2017), B. subtilis BERA 71
in chickpea (Abd-Allah et al. 2018), B. megaterium
NMp082 in alfalfa (Chinnaswarmy et al. 2018), and
B. methylotrophicus M4-1 in winter wheat (Ji et al. 2020).
The objective of this study was to screen halotolerant
Bacillus strains which are able to promote growth (plant
height, stem diameter and root and shoot biomass) and
protect tomato plants against salt stress and Fusarium
wilt caused by F. oxysporum f. sp. lycopersici.
Material and methods
Microorganisms and tomato seeds
Fusarium oxysporum f. sp. lycopersici race 3 strain 149 was
used throughout this study and was obtained from the
microorganisms colletion of Sakata Seed Sudamerica, Bra-
ganca Paulista, SP, Brazil. For inoculum preparation, F. oxys-
porum f. sp. lycopersici was grown on potato-dextrose-agar
(PDA, Acumedia, Lansing, MI) for 7 days at 25  2°C, in a
growth chamber with 12-h photoperiod (12-h light/12-h
dark). Five disks (5 mm in diameter) of Fusarium mycelium
were added to the potato-dextrose (PD) broth in 500-ml
Erlenmeyer flasks and incubated for 7 days at 25  2°C on
an orbital shaker at 150 rev min1 in the dark.
The Bacillus strains maintained in sterile soil were put
to grow on PDA (Acumedia) in the dark at 28  1°C,
and stored at 4–5°C. After recovery, the Bacillus strains
were cultivated in nutrient broth (enzymatic digestion of
gelatin 625% and beef extract 375%—Merck, Darm-
stadt, Germany) under constant agitation and incubated
at 28  2°C.
Tomato seeds (S. lycopersicum var. Santa Clara—Sakata
Seeds Sudamerica) were surface sterilized by vigorous
sequential shaking in 70% ethanol and 2% sodium
hypochlorite solutions for 10 min each and then washed
thoroughly four times in sterile distilled water. Seeds were
then air-dried on a sterile gauze sheet.
Selection of growth-promoting Bacillus strains under salt
stress
In order to select halotolerant Bacillus spp. strains and
growth-promoting microorganisms, the following
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biochemical evaluations were performed: siderophores
and indoleacetic acid (IAA) production, cellulase and
catalase activities, nitrogen fixation and phosphate solubi-
lization. In the biochemical test, 100-mmol l1 NaCl con-
centration was used in all culture media in order to select
the Bacillus strains that are tolerant to saline conditions.
Six replicates were made of each treatment. In this selec-
tion, 154 Bacillus strains were evaluated. These Bacillus
strains were obtained from rice plants whose origins were
described in Bettiol (1988), Bettiol and Kimati (1990)
and Bettiol and Varzea (1992).
The siderophore production was determined by the S-
azurol chromium method (Schwyn and Neilands 1987).
Salkowski reagent was used to measure IAA-like com-
pounds according to Bric et al. (1991) and Gordon and
Weber (1951). Phosphate solubilization by Bacillus strains
was determined according to Nautiyal (1999). Cellulase
and catalase activities were detected according to Samanta
et al. (1989) and Bueno et al. (2009). The test to evaluate
nitrogen fixation was performed by the method proposed
by D€obereiner et al. (1995).
In vivo assays
The ability of Bacillus strains (AP-3 (B. velezensis); AP-6,
AP-85 and AP-100 (Bacillus spp.), which showed at least
four positive responses in biochemical tests previously
described before; Table 1) and B. subtilis QST-713 (Sere-
nadeTM—Bayer CropScience, Tlaxcala, Mexico, with
1 9 109 UFC g1) to promote the growth of tomato
plants, to induce salt tolerance, and to control tomato
Fusarium wilt were evaluated in in vivo assays.
The selected Bacillus strains were cultivated in nutrient
broth (enzymatic digestion of gelatin 625% and beef
extract 375%—Merck) under constant agitation and
incubated at 28  2°C. Surface-sterilized tomato seeds
were soaked in 2 ml of an aqueous suspension containing
1 9 108 UFC per ml of Bacillus strains AP-3, AP-6, AP-
85 and AP-100, and then air-dried in an open Petri dish
overnight under a laminar flow hood. Bacillus subtilis
QST-713 was used in the same concentration. Two ml of
Bacillus suspension were used to coat 120 seeds. Bacillus-
treated tomato seeds were sown in multicell (128 cells)
growing trays containing a commercial substrate (Multi-
plant). Untreated tomato seeds were used as control.
Effect of halotolerant Bacillus strains on the growth
promotion of tomato plants
Twenty-day-old seedlings (two seedlings per pot) were
transferred to 35-l pots with 3 kg of a mixture of com-
mercial substrate (Multiplant) with soil (1 : 3) and fer-
tilized with 5 g l1 Vitaplan 10 : 10 : 10. The plants
were maintained in a greenhouse at 26  6°C, and
watered as needed. The experiment lasted 42 days. The
experiment was carried out in a completely randomized
design with five replicates. The experiments were repeated
twice. Heights (from the soil surface to the apical meris-
tem), stem diameter, chlorophyll SPAD index (SPAD-502
Konica Plus—Minolta, Japan) of plants were evaluated
weekly. Aboveground and root dry weights were deter-
mined 42 days after transplanting. Peroxidase, phenylala-
nine ammonia-liase and polyphenol oxidase activities
were determined 3 weeks after transplanting the plantlet,
according to Hammerschmidt et al. (1982), Pascholati
et al. (1986), Duangmal and Apenten (1999), Halfeld-
Vieira et al. (2006), and Cakir and Ari (2009).
Effect of halotorent Bacillus strains on the growth
promotion of tomato plants under salinity conditions
A second greenhouse experiment, aimed at evaluating the
effect of Bacillus strains under salinity conditions on
tomato plants, was carried out as described above, except
that this experiment consisted of a 6 9 2 factorial design
with and without salt application (100-mmol l1 NaCl).
Here, in addition to the seed treatment, all pots, except
for the control, received a weekly application of 5 ml
(1 9 108 CFU per ml) of the corresponding Bacillus
strain per plant. Plants from treatments without salt
stress were irrigated with domestic water. In treatments
with salt stress, the water retention capacity (Lucas et al.
2011) was determined for each pot in order to maintain
the salt concentration in the substrate. The pots were
individually weighed daily, and the saline solution (100-
mmol l1 NaCl) applied to maintain 75% of the field
Table 1 The production of IAA-like compounds, siderophores, phosphatase, catalase, cellulase and nitrogen fixation by Bacillus strains in salt
stress conditions
Bacillus strain IAA-like compounds Siderophore Phosphatase Nitrogen fixation Catalase Cellulase
AP-3 +  + + + 
AP-6 +  +  + +
AP-85 + + +  + 
AP-100 + +  +  +
AP-3, Bacillus velezensis; AP-6, AP-85 and AP-100, Bacillus spp.
Journal of Applied Microbiology © 2021 The Society for Applied Microbiology 3
C.A.A. Medeiros and W. Bettiol Multifaceted intervention of Bacillus spp.
capacity, ensuring that the salt concentration was similar
in all pots. L-Proline, peroxidase, phenylalanine ammo-
nia-liase and polyphenol oxidase activities were deter-
mined 3 weeks after transplanting the plantlets, according
to Hammerschmidt et al. (1982), Pascholati et al. (1986),
Duangmal and Apenten (1999), Halfeld-Vieira et al.
(2006) and Cakir and Ari (2009). Plants were grown in
greenhouse for 48 days. The experiment was conducted
in a completely randomized design with five replicates
and was repeated.
Effect of halotolerant Bacillus strains on the control of
tomato Fusarium wilt
A third greenhouse experiment, aimed to evaluate the
effect of Bacillus strains in the control of tomato Fusar-
ium wilt, was carried out as described in the assay for
growth promotion. Substrate previously treated in a solar
collector for 2 days (Ghini 1993) was infested with
microconidia of F. oxysporum f. sp. lycopersici at concen-
tration of 2 9 105 conidia per ml of substrate. This was
transferred to 700-ml plastic pots, 7 days before trans-
plantation tomato seedling cultivar Santa Clara. The
experiment lasted 48 days. The experiment was carried
out in a completely randomized design with five repli-
cates and was repeated. On this test, all pots, except for
the control, received weekly rate of 5 ml (1 9 108 CFU
per ml) of the corresponding Bacillus strain per plant.
The external disease severity was evaluated weekly accord-
ing to the following scale adapted from Tokeshi and Galli
(1966): (i) healthy plant; (ii) plant with yellowing until
the second leaf; (iii) plant with yellowing up to the third
leaf; (iv) plant with wilt and without yellowing; (v) plant
with wilt and yellowing; and (vi) dead plant. With the
external symptoms data, the area under the disease pro-
gress curve (AUDPC) was calculated (Shaner and Finney
1977). Internal disease severity was evaluated at 48th day
after transplanting. The stems were cut longitudinally,
and the internal discoloration was evaluated according to
the following scale: (i) healthy plant; (ii) plant with
brown vessels until the first leaf; (iii) plant with brown
vessels until the second leaf; (iv) plant with brown vessels
up to the third leaf; (v) plant with brown vessels up to
half of the stem length; and (vi) plant with brown vessels
until near the apical meristem. Plant height (from the soil
surface to the apical meristem), stem diameter, chloro-
phyll SPAD index and root and aboveground dry weights
were determined at 48 days after transplanting. Segments
of stems (3–5 mm) were immersed in sodium hypochlo-
rite 1% (v/v) for 1 min, then rinsed in sterile distilled
water, and transferred to Nash and Snyder medium
(Nash and Snyder 1962) to confirm the presence of
Fusarium in the plants.
Statistical analyses
Data from repeated experiments did not differ signifi-
cantly (P < 005) by an ANOVA; therefore, these data were
combined. Homogeneity of variances and normality tests
were performed by Bartlett’s and Shapiro–Wilk tests. The
non-normal data were transformed (aboveground dry
weight into square root on the salt stress assay; above-
ground and root dry weight into square root and
AUDPC and internal severity into hyperbolic sine on the
control of tomato Fusarium wilt assay) for analysis. Nor-
mal and transformed data were analysed by analysis of
variance to identify significant differences among the
means of the treatments (Tukey’s test, P < 005). Statisti-
cal analyses and graphics were performed using R soft-
ware ver. 3.3.1 and GraphPad Prism 7.0d, respectively.
Results
Selection of growth-promoting Bacillus strains on salt
stress
Thirty-five percent of 154 strains were positive for cata-
lase, 26% for siderophores, 19% for nitrogen fixation,
18% for IAA-like compounds, and 1% for phosphatase
and cellulase. Strains AP-3 (B. velezensis); AP-6, AP-85,
and AP-100 (Bacillus spp.) showed positive results for
four biochemical tests and were selected for further stud-
ies (Table 1).
Effect of halotolerant Bacillus strains on the growth
promotion of tomato plants
Forty-one-day-old tomato plants derived from seeds
coated with cells of Bacillus strains were compared to
control. Plant height, stem diameter, aboveground and
root dry weights, and chlorophyll SPAD index increased
(P < 005) with the application of Bacillus (Table 2;
Fig. 1a). Compared to control plants, aboveground dry
weights were increased in 159, 155, 114, 99 and 61% in
the plants inoculated with AP-6, AP-85, AP-3, AP-100
and QST-713, respectively (Table 2). Similar trends were
seen for root dry weight, but the AP-3 strain was more
effective than the others and promoted an increase of
163% when compared to control (Table 2). The chloro-
phyll SPAD index and height increased more than 40%,
for all Bacillus strains (Table 2). Stem diameters increased
for all Bacillus strains (Table 2).
Compared to control, peroxidase and phenylalanine
ammonia-lyase activities showed that these Bacillus
strains increase these enzymatic activities (Fig. 2). The
polyphenol oxidase activity increased for AP-100 and
QST-713 (Fig. 2).
Journal of Applied Microbiology © 2021 The Society for Applied Microbiology4
Multifaceted intervention of Bacillus spp. C.A.A. Medeiros and W. Bettiol
Effect of halotolerant Bacillus strains on the growth
promotion of tomato plants under salinity conditions
Forty-eight-day-old tomato plants derived from seeds
coated with cells of Bacillus strains were compared to
control. Plant height and aboveground and root dry
weights increased (P < 005) with the application of
Bacillus with 100-mmol l1 NaCl or without salinization
conditions (Table 3). Saline stress negatively affected all
parameters evaluated (height, aboveground and root dry
weights, and stem diameter), except for chlorophyll
SPAD index, in all treatments with and without Bacillus.
Table 2 Effect of salt-tolerant Bacillus strains on the growth promotion of tomato plants
Treatment
Aboveground dry




SPAD index Height (cm) Stem diameter (mm)
Control 295d 068c 23.8b 32.4b 419b
AP-3 630b (114%) 179a (163%) 33.4a 51.4a 785a
AP-6 765a (159%) 135b (98%) 34.2a 49.8a 742a
AP-85 754a (155%) 139b (104%) 33.8a 51.1a 755a
AP-100 589b (99%) 145ab (113%) 33.9a 54.8a 755a
QST-713 474c (61%) 112b (64%) 33.9a 50.3a 685a
CV% 101 209 83 12,9 138
Means followed by the same letter in the columns do not differ from each other (Tukey a = 005). Values between parentheses indicate the %
















Figure 1 The effect of salt-tolerant Bacillus strains on the growth of tomato plants 42 days after planting. (a) No salinity conditions. (b) Salinity
conditions. AP-3, Bacillus velezensi; AP-6, AP-85 and AP-100, Bacillus spp.; QST-713, Bacillus subtilis (SerenadeTM); CTRL, control.
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For these parameters, the values were always higher for
plants grown on substrate that did not receive the salt
application when compared to those plants grown on
salinized substrates. Height, stem diameter, and above-
ground and root dry weights increased in plants treated
with Bacillus strains grown in salinity conditions when
compared to control (Table 3; Fig. 1b). Moreover, a sig-
nificant interaction (P < 005) between both experimental
factors (Bacillus strains and salinization conditions) was
detected for height, and root dry weight (Table 3).
Compared to control, in conditions with salt applica-
tions, aboveground dry weights increased in 42, 31, 26,
18 and 6% in the plants inoculated with AP-85, AP-6,
AP-100, QST-713 and AP-3, respectively (Table 3). Simi-
lar trends occurred for root dry weight, but AP-100 and
AP-3 strains were more effective than the others, and
promoted an increase of 46 and 42%, respectively, com-
pared to control (Table 3).
In comparison to control plants without salt stress, the
L-proline levels, peroxidase, polyphenol oxidase, and
phenylalanine ammonia-lyase activities were elevated in
plant inoculated with Bacillus strains (Fig. 3). The vari-
ous Bacillus strains did not differ from each other in ele-
vating the level of L-proline in plant tissue as compared
to control plants in the absence of saline conditions.
Effect of halotolerant Bacillus strains on the control of
tomato Fusarium wilt
Fusarium wilt and the development of tomato plants
exhibited variable responses according to the application
of the Bacillus strains (Table 4, Fig. 4). Bacillus velezensis
AP-3 reduced the AUDPC in 50% compared to control
(Table 4). The other strains did not reduce the AUDPC.
Similar trends were observed when the severity of the
external symptoms was analysed in all the evaluated dates
(data not shown). For internal symptoms, the tendency
was similar to AUDPC (Table 4).
Height, stem diameter, aboveground and root dry


















































































































































Figure 2 Effect of salt-tolerant Bacillus strains on the enzymatic activities including peroxidase (a), phenylalanine ammonia lyase (b), and polyphe-
nol oxidase (c) in tomato plants. QST-713 = Bacillus subtilis. AP-3 = Bacillus velezensis. AP-6, AP-85 and AP-100 = Bacillus spp. Means followed
by the same letter in the bars do not differ from each other (Tukey a = 005).
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day-old tomato plants derived from seeds coated with
cells of Bacillus strains when compared to control plants
inoculated with Fusarium (Table 4). Aboveground dry
weights increased in 157, 146, 143, 135 and 28% in the
plants inoculated with AP-100, AP-85, AP-3, AP-6 and
QST-713 strains, respectively (Table 4) when compared
to control plants. Root dry weights increased 103, 83, 83,
81 and 41% in plants inoculated with AP-3, AP-6, AP-85,
AP-100 and QST-713 strains, respectively (Table 4), when
compared to control plants. The chlorophyll SPAD index
increased for all Bacillus strains, except for AP-6
(Table 4). Height and stem diameter increased for all
Bacillus strains (Table 4).
Discussion
To complete their life cycle, plants are confronted with
various biotic (fungi, oomycetes, bacteria, nematodes,
virus and pests) and abiotic stresses (nutritional imbal-
ance, nutrient deficiency, salinity, drought, flooding, heat,
cold and others) (Ilangumaran and Smith 2017; Gupta
and Pandey 2019). In order to avoid losses due to biotic
and abiotic stresses, intensive agriculture production
requires large inputs of chemicals (fertilizers and pesti-
cides). Exploring the diversity of microorganisms in the
rhizosphere to protect plants from these stresses is an
alternative to agricultural sustainability. Rhizospheric soil
has a huge range of microorganisms (Raaijmakers et al.
2009; Mendes et al. 2011), many of which belong to the
genus Bacillus. Bacillus spp. has been efficient as a biolog-
ical control agent, as plant growth promoter (Ongena
and Jacques 2008; Dorighello et al. 2015; Kim et al. 2015;
Shahzad et al. 2017), and as a stimulator of tolerance to
various abiotic stresses (Radhakrishnan et al. 2017; El-
Daim et al. 2019; Akhtar et al. 2020). It is also recognized
as bearing the ability to tolerate conditions of saline stress
(Marulanda et al. 2010; Vardharajula et al. 2011; Nautiyal
et al. 2013; Singh and Jha 2016; Zhou et al. 2017; Abd-
Allah et al. 2018; Chinnaswarmy et al. 2018; Liang et al.
2018; Ji et al. 2020). Here, we have evaluated, in in vivo
assays, the responses of tomato plants treated with Bacil-
lus spp. strains (AP-3 (B. velezensis); AP-6, AP-85 and
AP-100 (Bacillus spp.), and QST-713 (B. subtilis)) to pro-
mote growth of plants under two salt stress conditions
(No (salt) and Yes (+salt)), as well as to control Fusar-
ium wilt.
Plants treated with Bacillus strains recorded higher
aboveground and root dry weights, chlorophyll SPAD
index, height, and stem diameter than those untreated
(Table 2; Fig. 1a). Bacillus velezensis AP-3 increased the
root and aboveground dry weights of tomato plants more
than 100% in assays without biotic and abiotic stresses
(Table 2) when compared to control plants. In plants
developed in soil infested with F. oxysporum f. sp. lycoper-
sici, B. velezensis AP-3 was the most effective strain in
reducing severity of Fusarium wilt (internal severity and
AUDPC) (Table 4, Fig. 4), in addition to promoting an
increase of 143, 103 and 125% in aboveground and root
dry weights and height of the plants, respectively
(Table 4, Fig. 4). Bacillus velezensis AP-3 was originally
selected to control plant diseases showing efficiency
against several plant pathogen fungi (Bettiol 1988; Bettiol
and Varzea 1992; Bettiol et al. 1994), and inhibit mycelial
growth and conidia germination of Fusarium spp. (W.
Bettiol, unpublished data). The efficacy of Bacillus spp. to
control Fusarium wilt has been reported by several
authors. Abdallah et al. (2016) reported growth promo-
tion and reduction of Fusarium symptoms in tomato
plants by Bacillus cereus S42 isolated from Nicotiana
glauca. Rocha et al. (2017) reported the efficiency of
B. cereus, B. megaterium and Bacillus toyonensis to control
F. oxysporum f. sp. lycopersici races 1, 2 and 3 and to
Table 3 Effect of salt-tolerant Bacillus strains on the growth promotion of tomato plants in salinity conditions
Aboveground dry weight
(g per plant) Root dry weight (g per plant)
Chlorophyll
SPAD index Height (cm)
Stem diameter
(mm)
NaCl+ NaCl NaCl+ NaCl NaCl+ NaCl NaCl+ NaCl NaCl+ NaCl
Control 446c 575b 092bB 137cA 443 407 26.8cB 29.5cA 674 745ab
AP-3 473bc (6%) 614ab (7%) 131aB (42%) 182abA (32%) 457 443 31.1bB (16%) 39.6bA (34%) 665 766ab
AP-6 585a (31%) 690ab (20%) 117abB (27%) 203aA (48%) 437 441 36.2aB (35%) 47.2aA (60%) 666 723b
AP-85 633a (42%) 726a (26%) 119abB (29%) 169bA (23%) 452 422 38.1aA (42%) 37.9bA (28%) 683 745ab
AP-100 562ab (26%) 638ab (11%) 134aB (46%) 176abA (28%) 444 416 35.7aB (33%) 40.3bA (37%) 698 815a
QST-713 526abc (18%) 646ab (12%) 117abB (27%) 170bA (24%) 407 414 35.2aB (31%) 39.8bA (35%) 662 731b
CV 83 78 159 89 70 85 67 70
Means followed by the same lowercase letter in the columns and uppercase letter in the line and do not differ from each other (Tukey a = 005).
Values between parentheses indicate the % increase in development when compared to control. QST-713 = Bacillus subtilis. AP-3 = Bacillus
velezensis. AP-6, AP-85 and AP-100 = Bacillus spp.
Journal of Applied Microbiology © 2021 The Society for Applied Microbiology 7
C.A.A. Medeiros and W. Bettiol Multifaceted intervention of Bacillus spp.
improve the growth of tomato plants. Bacillus subtilis
SV41 and B. amyloliquefaciens subsp. plantarum SV65
decreased tomato Fusarium wilt severity and induced the
expression of the acidic PR-1 and PR-3, and the lipoxyge-
nase genes (Abdallah et al. 2017).
Increased peroxidase and phenylalanine ammonia lyase
activities were observed here in tomato plants treated
with all Bacillus strains (Fig. 2a,b), while strains AP-85,
AP-100 and QST-713 also increased polyphenol oxidase
activity (Fig. 1b). Bacillus spp. significantly induced activ-
ities of peroxidase, polyphenol oxidase, phenylalanine
ammonia-lyase in rice under hydroponic and soil condi-
tions (Rais et al. 2017), as well as peroxidase in chickpea
plants treated with B. subtilis BERA 71, thus improving
salt tolerance (Abd-Allah et al. 2018). In tomato plants,
Babu et al. (2015) observed that PGPR significantly
enhanced peroxidase and polyphenol oxidase activities in
PGPR-pretreated plants with or without pathogen infec-
tion.
Bacillus subtilis QST-713 promoted the growth of the
plants when compared to control, although to a lesser
extent when compared to other Bacillus strains (Table 2),
possibly because it had been selected for producing sev-
eral metabolites (iturin, agrastatin and surfactin) which
are effective in controlling diseases in aerial plant organs
(Edgecomb and Manker 2006, 2008; Agrofit 2020; Dor-
ighello et al. 2020). In the present study, B. subtilis QST-
713 reduced the internal severity of Fusarium wilt, but
not the AUDPC of plants grown in soil infested with






















































































































































































Figure 3 Effect of salt-tolerant Bacillus strains on the enzymatic activities including peroxidase (a), phenylalanine ammonia lyase (b), polyphenol
oxidase (c), and proline (d) in tomato plants under saline stress. QST-713 = Bacillus subtilis. AP-3 = Bacillus velezensis. AP-6, AP-85 and AP-
100 = Bacillus spp. NaCl, with salt; and NaCl+, and without salt. Means followed by the same lowercase letter in the bars do not differ from
each other (Tukey a = 005). Uppercase letters represent statistical difference in the interaction between factors. ( ) NaCl+; ( ) NaCl.
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All plants treated with Bacillus strains showed an
enhanced chlorophyll SPAD index (Tables 2 and 4), and
a better growth performance compared to control plants.
Similarly, Lima et al. (2016) observed an increase in all
growth-related parameters in lima bean plants when trea-
ted with Bacillus sp. UFPEDA 472, including their chloro-
phyll levels. Bacillus strains increased the weight of plant
roots (Tables 2 and 4), indicating a beneficial interaction
between the organisms. This interaction can contribute to
an increase in the synthesis of chlorophyll (Lima et al.
2016), essential pigments for photosynthesis and plant
growth. These results indicate the importance of previ-
ously evaluating the ability of Bacillus isolates to produce
IAA-like compounds, siderophores and phosphate solubi-
lization, compounds related to the growth of plants
(Table 1). In addition to the increase in chlorophyll con-
tent, Kang et al. (2014) observed that the levels of
sucrose, glucose, fructose, and amino acids were higher
in mustard plants treated with B. megaterium mj1212.
Fusarium oxysporum f. sp. lycopersici often causes yellow-
ing in tomato plants, decreasing the efficiency of the pho-
tosynthesis process and consequently reducing the overall
development of the plants. Plants treated with Bacillus
strains, except for the isolate AP-6, grown in soils
infested with Fusarium showed a higher chlorophyll
SPAD index than in the control plants. The increase in
chlorophyll SPAD index may explain increased size of the
Bacillus-inoculated plant (Table 4).
Saline stress negatively affected height, stem diameter
and aboveground and root dry weights of tomato plants
for all treatments with and without Bacillus. However,
such parameters increased in plants treated with Bacillus
strains grown in saline conditions when compared to
control plants (Table 3; Fig. 1b). Similarly, Marulanda
et al. (2010), Vardharajula et al. (2011), Nautiyal et al.
(2013), Singh and Jha (2016), Irizarry and White (2017),
Mahmoud et al. (2017), Zhou et al. (2017), Abd-Allah
et al. (2018), Chinnaswarmy et al. (2018) and Ferreira
et al. (2018) among others also observed that Bacillus
spp. increased the tolerance of plants to salt stress. We
detected a significant interaction between Bacillus strains
and the salinization conditions for height and root dry
weight (Table 3). Increased root dry weight in plants
treated with Bacillus strains under salt stress conditions
may be an indication that Bacillus colonizes the roots
even under these conditions. In vitro, Sukweenadhi et al.
(2018) observed IAA-like compounds production, sidero-
phores formation, and phosphate solubilization by Paeni-
bacillus yonginensis DCY84T strain. Sukweenadhi et al.
(2018) also observed that dipping of ginseng in bacteria
suspension (1010 CFU per ml) for 10 min protected
plants against short-term salinity stress (300-mmol l1
NaCl). In this study, we selected the Bacillus strains con-
sidering the same characteristics (IAA-like compounds
production, siderophore formation, phosphate solubiliza-
tion), plus nitrogen fixation, catalase and cellulase pro-
duction (Table 1). All Bacillus strains selected here
produce IAA-like compounds in vitro, which can explain
the increase of root weight in tomato plants on both con-
ditions (with or without salt stress) (Tables 2 and 3).
Stem diameter of plants was reduced under saline condi-
tions (Silva et al. 2008; Castillo-Campohermoso
et al. 2020). However, plant growth regulators, such as
gibberellic acid, stimulated stem diameter growth of rad-
ish seedlings under saline conditions (Cavusoglu
et al. 2008). As Bacillus spp. produces hormones such as
gibberellic acid (Probanza et al. 2002; Bottini et al. 2004;
Ambawade and Pathade 2015; Olanrewaju et al. 2017),
which promote both plant growth and an increase in
stem diameter, it is possible that the largest stem diame-
ter observed in the present study is due to the production
of hormones by the Bacillus strains.
Increase in peroxidase, polyphenol oxidase, phenylala-
nine ammonia lyase activities, and L-proline levels was
Table 4 Effect of salt-tolerant Bacillus strains on the control of tomato Fusarium wilt caused by Fusarium oxysporum f. sp. lycopersici
Treatment
Aboveground dry









Control 128b 063d 21.1b 21.8c 295b 129.8ab 5.6a
AP-3 312a (143%) 128a (103%) 31.3a 49.2a 572a 64.5c 1.4c
AP-6 302a (135%) 115b (83%) 22.1b 47.5a 527 a 147.9a 5.5a
AP-85 316a (146%) 115b (83%) 28.6a 48.9a 536 a 110.8b 4.7a
AP-100 330a (157%) 114b (81%) 29.2a 52.5a 525 a 128.4ab 5.7a
QST-713 164b (28%) 089c (41%) 31.6a 36.1b 499 a 129.7ab 3.5b
CV (%) 85 27 115 172 2094 42 76
Means followed by the same letter in the columns do not differ from each other (Tukey a = 005). Values between parentheses indicate the %
increase in development when compared to control. For statistical analysis, the data of aboveground and root dry weight were transformed into
square root; AUDPC and internal severity into hyperbolic sine. AUDPC = area under disease progress curve. Height and diameter 48-day-old
tomato plants. QST-713 = Bacillus subtilis. AP-3 = Bacillus velezensis. AP-6, AP-85 and AP-100 = Bacillus spp.
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observed in tomato plants treated with all Bacillus strains
when compared to control plants under both salt condi-
tions (Fig. 3). However, a greater increase in peroxidase,
polyphenol oxidase, phenylalanine ammonia lyase, and L-
proline was observed in tomato plants treated with Bacil-
lus strains grown under salt stress when compared to
CTRL without Fusarium CTRL with Fusarium QST-713
AP-100 AP-3 AP-6 AP-85
Figure 4 Effect of halotolerant Bacillus strains on the control of tomato Fusarium wilt (Fusarium oxysporum f. sp. lycopersici). AP-3, Bacillus
velezensis; AP-6, AP-85 and AP-100, Bacillus spp., QST-713, Bacillus subtilis (SerenadeTM); CTRL, control with and without Fusarium.
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those grown without salt stress (Fig. 3). Gao et al. (2008)
observed elevated peroxidase, polyphenol oxidase, pheny-
lalanine ammonia lyase activities in plants undergoing
NaCl stress. Increased in phenylalanine ammonia lyase
activity was observed by Valifard et al. (2015) in Salvia
species under salinity stress. Interaction between Bacillus
strains and saline stress was observed for peroxidase,
polyphenol oxidase, and phenylalanine ammonia lyase
activities, but not for L-proline levels (Fig. 3). In the salt
stress condition, proline increased when compared to
control plants (Fig. 3d). However, plants developed in
soil with 100 mmol l1 of NaCl treated with Bacillus
strains showed the highest levels of proline (Fig. 2d).
Possibly, this increase in proline content helps alleviate
the salt stress of the plants (Parida and Das 2005; Lima-
Costa et al. 2010; Upadhyay et al. 2012; Rady et al. 2016;
Ferreira et al. 2018; Chakdar et al. 2019). The activities of
certain antioxidative enzymes, such as peroxidase, are
induced in plants to defend themselves against the
reactive oxygen species (Parida and Das 2005; Gao et al.
2008; Numan et al. 2018), as seen in the present study
(Fig. 3).
The use of microorganisms, such as Bacillus spp., is a
strategy to improve the tolerance of plants to salt stress,
to promote growth and to control of soilborne plant dis-
ease, such as tomato Fusarium wilt. The advantages of
using microorganisms to ameliorate salinity stress, con-
trol disease and promote plant growth are related to
metabolic diversity, eco-friendly approach, as well as low
cost (van Lenteren et al. 2017; Chakdar et al. 2019; Bueno
et al. 2020).
The results obtained in the present study indicate that
Bacillus spp. influenced (no data were given showing root
association with inoculated Bacillus spp.) the roots of
tomato plants in different stress situations (salt stress;
Table 3 and Fusarium; Table 4), as well as in the absence
of stress (Table 2). However, the adaptation of Bacillus
strains to different stresses varied from strain to strain.
These strains, when establishing a relationship of interac-
tion with plants, can trigger different mechanisms of
defense. In summary, the application of Bacillus strains in
tomatoes controlled Fusarium wilt and increased both
growth and tolerance to salt stress, which suggest that
they can be used in an eco-friendly way.
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